In malaria, CD36 plays several roles, including mediating parasite sequestration to host organs, phagocytic clearance of parasites, and regulation of immunity. Although the functions of CD36 in parasite sequestration and phagocytosis have been clearly defined, less is known about its role in malaria immunity. Here, to understand the function of CD36 in malaria immunity, we studied parasite growth, innate and adaptive immune responses, and host survival in WT and Cd36 ؊/؊ mice infected with a non-lethal strain of Plasmodium yoelii. Compared with Cd36 ؊/؊ mice, WT mice had lower parasitemias and were resistant to death. At early but not at later stages of infection, WT mice had higher circulatory proinflammatory cytokines and lower anti-inflammatory cytokines than Cd36 ؊/؊ mice. WT mice showed higher frequencies of proinflammatory cytokineproducing and lower frequencies of anti-inflammatory cytokine-producing dendritic cells (DCs) and natural killer cells than Cd36 ؊/؊ mice. Cytokines produced by co-cultures of DCs from infected mice and ovalbumin-specific, MHC class II-restricted ␣/␤ (OT-II) T cells reflected CD36-dependent DC function. WT mice also showed increased Th1 and reduced Th2 responses compared with Cd36 ؊/؊ mice, mainly at early stages of infection. Furthermore, in infected WT mice, macrophages and neutrophils expressed higher levels of phagocytic receptors and showed enhanced phagocytosis of parasite-infected erythrocytes than those in Cd36 ؊/؊ mice in an IFN-␥-dependent manner. However, there were no differences in malaria-induced humoral responses between WT and Cd36 ؊/؊ mice. Overall, the results show that CD36 plays a significant role in controlling parasite burden by contributing to proinflammatory cytokine responses by DCs and natural killer cells, Th1 development, phagocytic receptor expression, and phagocytic activity. . 5 The abbreviations used are: DC, dendritic cell; IRBC, infected red blood cell; PfEMP1, P. falciparum erythrocyte membrane protein-1; M, macrophage; PMN, polymorphonuclear neutrophil; BMDM, M-CSF-differentiated mouse bone marrow cell; CR1/CR2, complement receptors 1 and 2
Malaria is a major public health problem in many countries around the world, causing about ϳ0.5 million deaths annually (1, 2) . The disease is caused primarily by Plasmodium falciparum and Plasmodium vivax, which are the most prevalent malaria parasites in endemic regions (3, 4) . Thus far, antimalarial drugs have been the only mode of treatment for malaria infections; however, in recent years, parasites have developed resistance, including to the more recently introduced artemisinins (5 -7) . Given that parasites are likely to develop resistance to newly introduced drugs, alternative strategies are required to treat malaria infections. Mass vaccination would be a better strategy, but an effective vaccine is not available, and its development remains challenging (8, 9) . Gaining insight into the molecular and cellular processes involved in protective immunity and pathogenesis may help in the design of an efficacious vaccine and/or immunomodulation agents to treat malaria (10, 11) .
Innate immunity plays crucial roles in the outcome of malaria (10, 12, 13) . It functions as the first line of defense in controlling infection through phagocytic clearance of parasites and regulates the development of adaptive immunity. Dendritic cells (DCs) 5 and macrophages (Ms) are important early responders of the innate immune system. In malaria, Ms are primarily involved in parasitemia control through phagocytic uptake of parasites (14 -16) , whereas DCs efficiently produce proinflammatory cytokines, such as TNF-␣ and IL-12, and present antigens. IL-12, a Th1-polariazing cytokine, activates NK cells to induce the secretion of IFN-␥, another Th1-promoting cytokine. IFN-␥, TNF-␣, and IL-1 prime phagocytic cells to enhance phagocytic activity (17) . The initial cytokines produced by DCs modulate T and B cell functions, contributing to the development of parasite-specific cellular and humoral immunity.
CD36 is a multifunctional class B scavenger receptor that also functions as a pattern recognition receptor in innate immune cells (18, 19) . CD36 not only interacts with diverse ligands, including thrombospondin-1, long-chain fatty acids, certain oxidized lipids, types I and IV collagen, and ␤-amyloid, but also binds and mediates uptake of pathogens and apoptotic cells (18, 19) . Many cell types, including platelets, Ms, DCs, adipocytes, and endothelial, epithelial, and muscle cells, express CD36 (18, 19) . The CD36-dependent internalization of pathogens and endogenous pathogenic molecules, such as oxidized low-density lipoprotein and ␤-amyloid protein, activate Src/Syk family non-receptor tyrosine kinases, ERK and Jun members of the MAPK signaling pathways, and NF-B transcription factors, resulting in the production of proinflammatory mediators (16, 19, 20) . Thus, CD36 is involved in several physiological and pathological processes, including immunity, lipid absorption, storage and metabolism, inflammation, and cardiovascular and Alzheimer's diseases (18, 19) .
CD36 plays several important roles in malaria, including parasite sequestration in microvascular capillaries of various organs; in phagocytic clearance of parasites through uptake of infected erythrocytes; and in immune responses (20 -27) . Of these, it is best known for functioning as a receptor for several members of the P. falciparum erythrocyte membrane protein-1 (PfEMP1) family of variant proteins, which are expressed on the infected red blood cell (IRBC) surface (28 -30) . This interaction mediates the adherence of IRBCs to microvascular endothelia, enabling parasites to be sequestered in host organs and avoid clearance from the circulation. When immunity against an adherent PfEMP1 is present in the host, parasites expressing other PfEMP1 variants having different adherent specificity are sequestered in the host organs. The parasites multiply and accumulate in large numbers in organs, contributing to severe malaria pathogenesis (31) (32) (33) (34) .
Murine CD36 has ϳ85% identity to human CD36 at the amino acid level. Although murine parasites do not express PfEMP1 orthologs, CD36 mediates the sequestration of Plasmodium berghei Antwerpen-Kasapa (ANKA), a cytoadherent murine malaria parasite strain, to lungs and adipose tissue of infected mice, presumably by interacting with unidentified structure(s) on the IRBC surface (35) . Recent studies have shown that CD36-mediated sequestration of P. berghei ANKA strain causes acute liver injury (36, 37) . Furthermore, both in human and mouse malaria, CD36 controls parasitemia through phagocytic uptake of IRBCs by Ms and polymorphonuclear neutrophils (PMNs) (14, 16) . Additionally, CD36 has been shown to regulate MAPK signaling and modulate TNF-␣ responses in mouse malaria infection and to modulate parasite glycosylphosphatidylinositol-induced cytokine responses by mouse Ms and human blood DCs (16, 27, 38) . In P. falciparum-endemic regions, single-nucleotide polymorphisms in the Cd36 gene have been linked to protection against cerebral and other severe malaria (39, 40) , although another study has implicated mutations in Cd36 to susceptibility to malaria (41) . Thus, CD36 plays an important role in immune responses to malaria, but insight into CD36-mediated regulation of immune responses to malaria remains less understood. Therefore, the main objective of this study was to determine the contribution of CD36 in malaria-induced immune responses and dissect the associated cellular mechanisms. To this end, we analyzed immune responses and assessed parasite growth kinetics and host survival in WT and Cd36 Ϫ/Ϫ mice infected with a nonlethal, non-sequestering Plasmodium yoelii strain, which allows assessment of immune responses during the course of innate and adaptive immunity development. The results showed that CD36 significantly contributes to the production of proinflammatory cytokines by the cells of the innate immune system and Th1 development. CD36 also contributes to the suppression of anti-inflammatory cytokine production and Th2 development. Additionally, the CD36-dependent immune responses contribute to the expression of other phagocytic receptors and phagocytic activity, thereby significantly reducing parasite burden and malarial mortality. Overall, our results define the role of CD36 in malaria immunity, revealing the associated cellular mechanisms.
Results

CD36 contributes to malaria parasitemia control and resistance against mortality
In this study, we investigated the role of CD36 in immunity to blood stage malaria and in clinical outcomes by infecting WT and Cd36 Ϫ/Ϫ mice with a non-sequestering P. yoelii 17XNL strain and analyzing various responses during the course of innate and adaptive immunity development. In mice infected with P. yoelii 17XNL strain, parasitemias reach a peak of 30 -40% by about 20 days, and mice generally survive by clearing infection (42) (43) (44) . In contrast, mice infected with the sequestering, lethal P. yoelii 17XL strain die at 6 -10 days postinfection (pi), exhibiting peak parasitemias of 60 -80% (pi) (45) (46) (47) .
Survival analysis showed that 90% of WT mice infected with P. yoelii 17XNL survived, whereas the majority of infected Cd36 Ϫ/Ϫ mice died between 17 and 24 days pi ( Fig. 1A) . Analysis of parasite growth kinetics showed, in both WT and Cd36 Ϫ/Ϫ mice, slow parasite growth during the 1st week of infection and then a rapid increase, reaching peak parasitemias at 20 -22 days pi ( Fig. 1B ). After this period, parasitemias were markedly decreased to basal levels in surviving mice. These observations agree with the previously reported growth pattern of P. yoelii 17XNL (42) (43) (44) . Throughout the infection period, parasitemias were significantly higher in Cd36 Ϫ/Ϫ mice than in WT mice. Although parasitemias were relatively low in both WT and Cd36 Ϫ/Ϫ mice up to 10 -12 days pi, the parasitemias in Cd36 Ϫ/Ϫ mice were 57-125% higher than those in WT mice (Fig. 1C ). The CD36-depedent control of parasitemia is consistent with the reported results that CD36 is efficiently expressed by Ms and contributes to parasitemia control in mice infected with Plasmodium chabaudi (25) . Because CD36 functions both as a scavenger and pattern recognition receptor, it is not surprising that P. yoelii IRBCs are recognized by CD36 on Ms likely through relatively weak interactions and phagocytosed. Thus, the above data demonstrated that CD36 contributes to parasitemia control and resistance against malarial fatality.
CD36 contributes to malaria-induced cytokine production primarily at early stages of infection
Based on the results presented in Fig. 1 , we predicted that CD36 contributes to malaria-induced immune responses that are involved in parasitemia control and resistance to disease
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severity. Proinflammatory cytokine responses induced at early stages of infection play important roles in either pathogenesis or resistance to malaria depending on whether or not parasites are sequestered in host organs (10, 12, 23) . High levels of proinflammatory cytokines contribute to cerebral and other severe malaria in the context of parasite sequestration. However, in non-sequestering infections, cytokine responses are likely to be beneficial because IFN-␥, TNF-␣, and IL-1 contribute to parasitemia control by priming phagocytic cells for enhanced phagocytic activity (17) . Cytokines released early in infections also influence responses by other cells of innate immunity, such as NK cells, and contribute to Th1 and humoral responses (48 -51) , leading to infection-specific immune development.
To determine the function of CD36 in malaria-induced cytokine responses and understand how these responses are involved in providing resistance to malaria, we analyzed a panel of cytokines produced during the course of P. yoelii infection. At 3 and 5 days pi, serum TNF-␣, IL-1␤, and IL-18 as well as Th1-promoting cytokines IFN-␥ and IL-12 were significantly higher in infected WT mice than in infected Cd36 Ϫ/Ϫ mice (Fig. 2 , A-E). However, at 10 and 17 days pi, there were no differences in these cytokine levels between WT and Cd36 Ϫ/Ϫ mice. In contrast to inflammatory cytokines, the level of Th2-promoting IL-4 was higher in infected Cd36 Ϫ/Ϫ mice than that in infected WT mice throughout the infection period ( Fig. 2F ). At 5 and 10 days pi, the level of IL-10 in Cd36 Ϫ/Ϫ mice was higher than in WT mice, but there was no difference between WT and Cd36 Ϫ/Ϫ mice at 17 days pi ( Fig. 2G ). These results indicate that CD36-mediated enhanced proinflammatory and Th1-promoting cytokine production and decreased anti-inflammatory and Th2promoting cytokine production mainly occur at relatively early stages of infection ( Fig. 2 ).
CD36 promotes immune responses to malaria by DCs
Based on the observed kinetics of serum cytokine responses in P. yoelii-infected WT and Cd36 Ϫ/Ϫ mice, we predicted that the CD36-mediated responses primarily regulate innate immunity. Among the cells of the innate immune system, DCs and spleen red pulp Ms, which have DC-like characteristics, are the earliest and major producers of cytokines in response to blood stage malaria infection (52) (53) (54) (55) . DCs regulate responses of other innate immune cells, such as NK cells, and bridge innate immunity to adaptive immunity (48 -51) . To determine the role of CD36 in the activation of DCs and their cytokine responses, first we analyzed the surface expression of DC costimulatory molecules CD80 and CD86 and cytokine responses by spleen DCs of infected mice by flow cytometry. At 4 days pi, DCs from spleen of infected Cd36 Ϫ/Ϫ mice were less mature than those from WT mice as indicated by a lower sur- face expression of CD80 and CD86 ( Fig. 3 , A-C). Cytokine analysis showed that at an early time point (4 days pi) Cd36 Ϫ/Ϫ mice had lower frequencies of TNF-␣-producing DCs and higher frequencies of IL-10-producing DCs than WT mice ( Fig. 3 , D and E). At a later time point (7 days pi), however, there were no differences in the frequencies of either pro-or anti-inflammatory cytokine-producing DCs from infected Cd36 Ϫ/Ϫ and WT mice. We also assessed cytokines secreted by DCs isolated from infected mice. Consistent with the above results, DCs isolated from Cd36 Ϫ/Ϫ mice at 5 days pi secreted significantly lower levels of TNF-␣ and IL-12 and a higher level of IL-10 than DCs from infected WT mice ( Fig. 3F ). However, 10 days pi, there were no significant differences in the levels of TNF-␣, IL-12, or IL-10 produced by DCs from WT and Cd36 Ϫ/Ϫ mice. To-gether, the above results demonstrated that, at early stages of infection, CD36 promotes malaria-induced proinflammatory cytokines and down-regulates anti-inflammatory cytokines by DCs.
CD36-mediated immune responses confer DCs an ability to regulate Th responses
Given that DCs regulate adaptive immunity (50, 51), we tested DC-induced T cell responses in co-cultures of DCs isolated from mice at 5 days pi pulsed with ovalbumin peptide (OVA(323-339)) and T cells from uninfected OT-II transgenic mice expressing TCR for OVA(323-339) peptide on CD4 T cells. The levels of IFN-␥ and TNF-␣ produced by the co-cultures of spleen DCs from Cd36 Ϫ/Ϫ mice and OT-II T cells were 
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significantly lower than those produced by the co-cultures of spleen DCs from WT mice and OT-II T cells ( Fig. 4 ). On the other hand, the levels of IL-10 and IL-4 produced by the co-cultures of spleen DCs from Cd36 Ϫ/Ϫ mice and OT-II T cells were significantly higher than those produced by the co-cultures of WT DCs and OT-II T cells ( Fig. 4 ). Because DCs either secrete very low levels of IFN-␥ and IL-4 or do not secrete these cytokines, the observed cytokines were most likely produced by OT-II T cells, reflecting the function of DCs. Thus, these results suggested that the CD36-regulated function of DCs contributes to immune responses of T cells.
Figure 3. CD36 regulates malaria infection-induced DC maturation and cytokine production.
Mice were infected with P. yoelii as outlined in the legend to Fig. 1 . A-E, total splenocytes from uninfected and P. yoelii-infected mice at 4 days pi were stained with antibodies against mouse CD80, CD86, DC surface markers, and cytokines. A-C, gating of DCs (A) and surface expression of CD80 and CD86 by gated DCs (B and C) are shown. B and C, left panels, show histograms of co-stimulatory molecule-expressing DCs from a representative mouse in each group (n ϭ 3-6 mice/group). Shaded area, red line, and blue line, respectively, represent uninfected (UI), infected WT, and infected Cd36 Ϫ/Ϫ mice. Right panels show the expression of CD80 and CD86 by DCs in each mouse group. D and E, the spleen cells from uninfected mice and infected WT and Cd36 Ϫ/Ϫ mice were cultured in 24-well plates for 6 h in the presence of GolgiPlug, stained with antibodies against DC marker proteins, fixed, stained with antibodies against mouse cytokines, and analyzed by flow cytometry. Contour diagrams of cytokine-expressing spleen DCs from a representative mouse at 4 days pi (left panels) and plots showing the frequencies of cytokine-expressing DCs at 4 and 7 days pi in a representative mouse in each group (right panels) (n ϭ 3-4 mice/group) are shown. DCs at 7 days pi were similarly gated for cytokine expression. The data are a representative of three independent experiments. F, pooled DCs isolated from the spleens of uninfected mice and P. yoelii-infected WT and Cd36 Ϫ/Ϫ mice at 5 and 10 days pi in 96-well plates were incubated in complete DMEM at 37°C. After 24 h, cytokines released into the culture medium were analyzed by ELISA. In B-F, the results are a representative of two independent experiments. Error bars indicate S.D. of mice in each group. *, p Ͻ 0.05; **, p Ͻ 0.01; ns, not statistically significant. d, days; FSC, forward scatter; SSC, side scatter; GeoMFI, geometric mean fluorescence intensity.
CD36 promotes proinflammatory responses by NK cells and Th1 development in malaria
To examine the role of CD36 in malaria-induced immune responses by NK and T cells, we analyzed cytokine and Th1and Th2-promoting transcription factor responses in NK and T cells from the spleens of infected mice. At 4 days pi, Cd36 Ϫ/Ϫ mice showed lower frequencies of TNF-␣-and IFN-␥-producing NK cells than WT mice ( Fig. 5 , A-C). Cd36 Ϫ/Ϫ mice also showed significantly lower frequencies of T bet -expressing NK cells than WT mice ( Fig. 5D ). In contrast, the frequency of IL-10-producing NK cells was higher in Cd36 Ϫ/Ϫ mice than in WT mice ( Fig. 5E ). At 7 days pi, there were no differences in either proinflammatory cytokine responses or T bet expression by NK cells from WT and Cd36 Ϫ/Ϫ mice. However, the frequency of IL-10-producing NK cells was higher in Cd36 Ϫ/Ϫ mice than in WT mice ( Fig. 5E ). Together, the above data demonstrated that, at early stages of infection, CD36 contributes to inflammatory responses by NK cells.
CD36 contributes to malaria-induced T cell responses as well. At 4 days pi, analysis of gated T cells ( Fig. 6A ) showed significantly decreased numbers of IFN-␥-expressing and Th1promoting master transcription factor T bet -expressing CD4 ϩ and CD8 ϩ T cells in Cd36 Ϫ/Ϫ mice compared with those in WT mice (Fig. 6 , B and C), indicating that CD36 up-regulates Th1 responses. In contrast, Cd36 Ϫ/Ϫ mice had higher numbers of IL-10-and IL-4-producing CD4 ϩ and CD8 ϩ T cells than WT mice (Fig. 6 , D and E). Consistent with these results, at 4 days pi, the numbers of Th2-promoting transcription factor GATA3expressing CD4 ϩ and CD8 ϩ T cells were significantly higher in Cd36 Ϫ/Ϫ mice than in WT mice ( Fig. 6F) . Together, these results demonstrated that CD36 contributes significantly to Th1 development and that CD36 deficiency leads to early switching from Th1 to Th2 responses during malaria infection.
At 7 and 14 days pi, however, the numbers of IFN-␥and T bet -expressing cells were comparable between WT and Cd36 Ϫ/Ϫ mice (Fig. 6, B and C) . This was despite the increased Th2 responses observed in Cd36 Ϫ/Ϫ mice as indicated by the increased numbers of IL-4-and GATA3-expressing cells at 7 days pi (Fig. 6, E and F) . The numbers of IL-4-expressing CD4 ϩ and CD8 ϩ T cells were also moderately increased in Cd36 Ϫ/Ϫ mice compared with WT mice at 14 days pi, although the differences were not statistically significant (Fig. 6E) . Moreover, at 7 days pi, the numbers of IL-10-producing CD4 ϩ and CD8 ϩ T cells were higher in Cd36 Ϫ/Ϫ mice (see Fig. 6D ), but at 14 days pi, the numbers IL-10-producing CD4 ϩ and CD8 ϩ T cells were actually lower in Cd36 Ϫ/Ϫ mice than in WT mice. This was likely due to increased parasitemia in Cd36 Ϫ/Ϫ mice, driving Th1 response and suppressing IL-10 production. The observed similar levels of proinflammatory cytokine production by CD4 ϩ and CD8 ϩ T cells in WT and Cd36 Ϫ/Ϫ mice at 7 and 14 days pi are also probably a result of continued increased parasitemia in Cd36 Ϫ/Ϫ mice, rendering enhanced uptake of parasite components by DCs. This results in DCs driving sustained high levels of Th1 responses in Cd36 Ϫ/Ϫ mice at later stages of infections even in the face of increasing Th2 responses.
CD36-mediated immune responses up-regulate phagocytic activity and phagocytic receptor expression
Phagocytic clearance of IRBCs and merozoites is thought be the main mechanism that controls malaria parasitemia (14 -16) . Thus, we postulated that CD36, which is a scavenger receptor, is involved in phagocytosis of parasites. Accordingly, we assessed IRBC uptake in vivo by injecting IRBCs stained with CFSE, a fluorescent cell-staining dye, into infected mice to measure phagocytosed IRBCs and analyzing CFSE-positive spleen Ms and PMNs. At 5 and 8 days pi, the uptake of IRBCs by spleen Ms and PMNs (as gated in Fig. 7A ) in WT mice was substantially higher than that by Ms and PMNs in Cd36 Ϫ/Ϫ mice ( Fig. 7B ), demonstrating that CD36 plays a significant role in parasite clearance. In addition to CD36, receptors such as complement receptors 1 and 2 (CR1/CR2) and Fc receptors (FcRs) also mediate phagocytic clearance of parasites. At 5 and 8 days pi, the expression of CR1/CR2, Fc␥II/IIIR, and Fc␣/R by spleen Ms and PMNs in WT mice was substantially higher than that by spleen Ms and PMNs in Cd36 Ϫ/Ϫ mice (Fig. 7C) . In contrast to 5 and 8 days pi, at 14 days pi, the uptake of IRBCs by Ms and PNNs of WT mice was comparable with that of the respective cells of Cd36 Ϫ/Ϫ mice (Fig. 7B) . Notably, at 14 days pi, the capacity of Ms and PMNs of both WT and Cd36 Ϫ/Ϫ mice to take up IRBCs was substantially decreased compared with the phagocytic capacity of cells at 5 and 8 days pi. Consistent with these results, at 14 days pi, the expression levels of CR1/CR2, Fc␥II/IIIR, and Fc␣/R by spleen Ms and PMNs in WT and Cd36 Ϫ/Ϫ mice were not only comparable but also substantially decreased compared with levels at 5 and 8 days pi (Fig.  7C) . The observed reduced phagocytic capacity of Ms and PMNs at 14 days pi explains the exponential increase in parasitemia in both WT and Cd36 Ϫ/Ϫ mice after 12-14 days infection (see Fig. 1B ). It appears that the CD36-dependent in- 
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creased control of parasitemia by WT mice during the early stages of infection allowed a sustained higher rate of parasite clearance in WT mice compared to Cd36 Ϫ/Ϫ mice, although other mechanisms may also be involved. The reason for the observed reduced phagocytosis activity and markedly decreased phagocytic receptor expression at later stages of infection in this study is unclear. Substantial further studies are needed to understand the phenomena.
Proinflammatory cytokines, especially IFN-␥, directly activate phagocytic cells and increase phagocytic activity (56, 57) . Therefore, we tested the phagocytic uptake of P. yoelii IRBCs by untreated and IFN-␥-primed BMDMs derived from WT and Cd36 Ϫ/Ϫ mice. In agreement with the in vivo data that CD36 contributes to IRBC uptake by Ms and PMNs (see Fig. 7B ), the phagocytosis of IRBCs by WT BMDMs was significantly higher than that by Cd36 Ϫ/Ϫ BMDMs (Fig. 8A) . The uptake of IRBCs by WT BMDMs treated with IFN-␥ was also significantly higher than that by similarly treated Cd36 Ϫ/Ϫ BMDMs and that by untreated WT BMDMs. Treatment with IFN-␥ significantly increased the phagocytosis of IRBCs by Cd36 Ϫ/Ϫ BMDMs compared with untreated Cd36 Ϫ/Ϫ BMDMs (Fig. 8A) . These results indicated that IFN-␥ increases the phagocytic activity of both WT and Cd36 Ϫ/Ϫ Ms.
To determine whether the observed IFN-␥-dependent enhanced phagocytosis is due to increased phagocytic receptor expression, we analyzed the expression of CR1/CR2 and Fc␣/R by IFN-␥-treated BMDMs. IFN-␥ treatment significantly increased the expression of CR1/CR2 and Fc␣/R in both WT and Cd36 Ϫ/Ϫ BMDMs (Fig. 8, B and C) . However, in both untreated and IFN-␥-treated BMDMs, the expression of phagocytic receptors by WT cells was significantly higher than that by Cd36 Ϫ/Ϫ cells. Together, these results demonstrated that, in addition to directly contributing to parasite clearance, CD36 indirectly contributes through the up-regulation of other phagocytic receptor expression as well as by the up-regulation of cytokines, such as IFN-␥, that promote phagocytic receptor expression and thus the phagocytosis of parasites.
CD36 has no role in humoral responses to malaria
Based on the observation that CD36 modulates immune responses to malaria mainly at early stages of infection, we envisaged that there would be a differential IgM response by Cd36 Ϫ/Ϫ mice compared with WT mice. However, the serum IgM levels at 5 and 8 days pi were similar in Cd36 Ϫ/Ϫ and WT mice (Fig. 9A) . At early stages of infection, IgMs are produced mainly by B1 cells, which are considered to be innate immune cells, and are rapidly activated upon sensing pathogen (58) . There are two B1 subpopulations, B1a and B1b, which respectively produce natural IgM and parasite antigen-specific IgM (59, 60) . B1 cells (gated as shown in Fig. 9B ) were significantly expanded in response to malaria infection (Fig. 9C ). Furthermore, consistent with the observed similar IgM levels (see Fig.  9A ), there were no differences in the numbers of either B1a (CD5 ϩ CD19 hi CD23 Ϫ ) cells or B1b (CD5 Ϫ CD19 hi CD23 Ϫ ) cells between infected Cd36 Ϫ/Ϫ mice and WT mice (Fig. 9C ).
Early immune responses to pathogenic infections, especially activation of DCs and cytokine responses by DCs and other innate immune cells, influence
Th responses, which in turn contribute to B cell function (61) . To determine the contribution of CD36 to malaria-induced antibody responses at later stages of infection, we analyzed serum antibody levels and Ig isotypes at 26 days pi. The IgG titer and Ig isotypes as well as IgM levels in the sera of Cd36 Ϫ/Ϫ mice were similar to those in WT mice (Fig. 9, D and E) . Thus, the above results suggested that CD36 has either a negligible or no role in humoral responses to malaria infection.
Discussion
Although CD36 plays a role in organ-related severe malaria through endothelial adherence-mediated sequestration of IRBCs (31) (32) (33) (34) , CD36 also substantially contributes to uncomplicated malaria and resistance to mortality (25, 62, 63) . In P. falciparum infection, the majority of IRBCs exhibit CD36binding specificity (64) . Because high parasite burden is a risk factor for severe malaria, CD36-dependent phagocytic clearance of parasites and thus control of parasitemia are significantly protective. In addition to direct involvement in parasite clearance, CD36 also contributes to phagocytosis by other receptors by up-regulating their expression (see Fig. 7 ). The present study demonstrates that CD36 regulates immune responses to blood stage malaria and explains how CD36regulated immune responses contribute to parasitemia control and protection against susceptibility to malaria under parasitenon-sequestering conditions.
The results presented here show that CD36 contributes to malaria-induced immune responses primarily at early stages of infection and minimally, at best, at later stages of infection. This conclusion is evident from the results that, at early stages of infection, serum levels of proinflammatory cytokines were substantially higher in infected WT mice than in infected Cd36 Ϫ/Ϫ mice, whereas at later stages cytokine levels in WT mice were comparable with those in Cd36 Ϫ/Ϫ mice. Also at early stages of infection, the serum levels of the anti-inflammatory cytokine IL-10 and the Th2 cytokine IL-4 were significantly lower in WT mice than in Cd36 Ϫ/Ϫ mice. However, at later stages of infec- tion, these cytokines were present at similar levels in WT and Cd36 Ϫ/Ϫ mice. The contribution of CD36 to malaria-induced cytokine responses was also evident at the cellular level. At early stages of infection, DCs and NK and T cells in infected WT mice produced higher levels of proinflammatory and lower levels of anti-inflammatory cytokine responses than those in infected Cd36 Ϫ/Ϫ mice. At later stages of infection, there were no differences in cytokine responses by DCs and NK and T cells in infected WT and Cd36 Ϫ/Ϫ mice. The observed CD36-dependent immune responses mainly at early stages of infection are due to the fact that CD36 is expressed by the early responding innate phagocytic cells but not by the later responding adaptive immune cells (18, 19) . Thus, the CD36-dependent immune responses to malaria are mainly associated with the innate immune system.
The CD36-dependent cytokine responses observed at early stages of malaria infection are collectively a result of CD36 directly regulating the function of DCs and indirectly regulating the function of NK and T cells through DC-NK cell and DC-T cell cross-talk. Several lines of evidence support this conclusion. First, CD36 is expressed by DCs but not by NK cells (65) . Although effector and regulatory CD8 T cells have been reported to express CD36 (66, 67) , it seems unlikely that T cells interact with IRBCs through CD36 and that CD36 directly alters responses of T cells to reciprocally regulate DC responses. Second, co-cultures of OT-II T cells with DCs from WT mice at early stages of infection produced higher levels of TNF-␣ and IFN-␥ and lower levels of IL-10 than co-cultures of OT-II cells with DCs from infected Cd36 Ϫ/Ϫ mice, reflecting the CD36-regulated functions of DCs. Third, a previous in vitro study by us indicated that NK cells from uninfected mice cocultured with WT DCs stimulated with P. falciparum IRBCs produced about 2-fold higher levels of IFN-␥ than NK cells co-cultured with CD36-deficient DCs stimulated with IRBCs (38) . Because DCs produce little or no IFN-␥, the increased production of IFN-␥ by the co-cultures was from NK and T cells. Given that NK cells do not express CD36, and it is unlikely that CD36 is involved in parasite-NK cell and parasite-T cell interaction, it is evident that CD36 in DCs indirectly regulates the functions of NK and T cells. In the present study, the increased expression of TNF-␣, IFN-␥, and T bet and reduced expression of IL-10 by NK cells from infected WT mice compared with Cd36 Ϫ/Ϫ mice reflected the CD36-dependent function of WT DCs, specifically CD36-dependent up-regulation of proinflammatory and down-regulation of anti-inflammatory cytokine responses by DCs. The lower proinflammatory cytokine responses and higher anti-inflammatory cytokine responses by NK cells and lower Th1 and higher Th2 responses in Cd36 Ϫ/Ϫ mice are also consistent with the CD36-dependent function of DCs. Also consistent with these results were the increased expression of TNF-␣, IFN-␥, and T bet and reduced expression of IL-10, IL-4, and GATA3 in T cells from infected WT mice compared with Cd36 Ϫ/Ϫ mice. Considering that DCs shape NK and T cell immune responses to infections, including malaria (48, 49, 68) , collectively our data showed that CD36 directly regulates malaria parasite-induced immune responses by DCs and that CD36-dependent modulation of DC functions confers to NK and T cells the ability to produce CD36-dependent immune responses.
An important question that arises from the present study is why are immune responses to malaria independent of CD36 at later stages of infection as shown by similar proinflammatory cytokine responses by NK and T cells and comparable serum inflammatory cytokine levels in WT and CD36-deficient mice by 10 days pi? We have previously reported that CD36-dependent immune responses are parasite dose-dependent and that the role of CD36 becomes minimal at the threshold parasite load required for maximal responses (38) . This is because phagocytic cells express several phagocytic receptors besides CD36, Figure 9 . CD36 has no role in humoral immunity. A and B, mice were infected with P. yoelii and sacrificed at 5 or 8 days pi, and sera from the total blood were prepared. A, the parasite-specific serum IgM levels of mice (n ϭ 3 or 4 mice/group) were analyzed by ELISA. Sera from uninfected WT mice were used as a control. Data are a representative of three independent experiments. ns, statistically not significant. B and C, flow cytometry analysis of splenic B1a and B1b B cells of mice at 5 days pi. B1 cells from spleens of uninfected WT mice were analyzed as a control. Shown are the gating strategy for gating B1a and B1b cells (B) and splenic B1a and B1b cell numbers in infected mice and uninfected control mice (C). D and E, antibody titer (D) and Ig isotypes (E) in sera prepared from P. yoelii-infected WT and Cd36 Ϫ/Ϫ mice (n ϭ 4 or 5/group) at 26 days pi were analyzed by ELISA. Sera of uninfected mice were analyzed as controls. C-E, the data are a representative of two independent experiments. In A and C-E, error bars indicate S.D. of mice in each group. d, days; FSC, forward scatter; SSC, side scatter; FMO, fluorescence minus one.
such as other scavenger receptors and Fc and complement receptors. As infection progresses and parasitemia increases, phagocytosis of parasites by DCs through receptors other than CD36 also becomes prominent, generating saturated levels of immune responses. Under such conditions, it is likely that DCs continue to produce high levels of proinflammatory responses despite the absence of CD36. Thus, at later stages of infection, when parasitemia is relatively high, the uptake of parasites by CD36-deficient DCs reaches minimum threshold levels required for maximum responses, and thus the cells produce sustained high levels of proinflammatory cytokine responses despite producing increased levels of anti-inflammatory cytokines. Eventually, the proinflammatory responses by DCs and those by activated NK and T cells due to DC function-specific immune responses become similar in WT and Cd36 Ϫ/Ϫ mice. Alternatively, it is possible that myeloid cells newly released into blood from bone marrow in response to increased parasitemia produce proinflammatory cytokines and induce type 1 responses, whereas those that have been already exposed to parasites produce anti-inflammatory cytokines and induce type 2 responses. This may result in overall comparable levels of pro-/anti-inflammatory and Th1/Th2 responses at later stages.
The results of this study also indicate that the CD36-dependent up-regulated production of IFN-␥ by NK cells and Th1 development contribute to resistance against malaria mortality by controlling parasitemia through phagocytic clearance of parasites. IFN-␥ is an important cytokine that is known to activate Ms and PMNs, enhancing phagocytic activity (56, 57) . IFN-␥ also promotes Th1 development, which leads to further IFN-␥ production by Th1 cells. Additionally, IL-12 and IL-18 promote IFN-␥ production by NK and T cells. The IFN-␥ produced by NK and T cells in turn enhances DC maturation, which leads to increased IL-12 production. The enhanced production of IFN-␥ through this cellular response loop, imprinted through CD36-regulated DC function, contributes to an efficient priming of Ms, leading to control of parasitemia and resistance to malaria. These conclusions are consistent with the results of previous studies that showed that IL-12 and IFN-␥ play protective roles in malaria as indicated by the fact that mice deficient in these cytokines had increased susceptibility to malaria. It has been shown that cross-talk between DCs and NK cells and that between DCs and T cells contribute to IL-12-and IFN-␥-induced adaptive immunity (49, 68) . At early stages of malaria infection, IL-12 is produced mainly by DCs and red pulp Ms (52, 53) . IL-12-induced IFN-␥ production by NK cells results in enhanced DC maturation and enhanced production of IL-12, which promotes IFN-␥ secretion by T cells. Together, these responses contribute to protection against malaria severity. Consistent with these results, in the present study, IFN-␥treated Ms showed increased phagocytic receptor expression and enhanced phagocytic activity (see Fig. 8 ). These results and our observation that CD36-deficiency results in reduced IL-12 production by DCs, decreased IFN-␥ responses by NK and T cells at early stages of infection, and early switching from a Th1 to a Th2 are consistent with the notion that CD36 contributes to parasitemia control and resistance to death. Furthermore, it has been shown that IL-10 suppresses the phagocytic activity of Ms and PMNs (69, 70) . In agreement with these observations, we found that CD36 deficiency causes a substantial increase in IL-10 production. Thus, overall our results demonstrated that CD36 plays an important role in protective immunity to malaria.
Our findings have important implications for P. falciparum infection. Because the majority of parasites in infected people express CD36-binding PfEMP1, it is likely that CD36 play a significant role in parasitemia control, although sequestration may tend to favor parasite growth to a certain degree (62) . The dynamics between parasitemia control and parasite growth promotion may depend on host factors, such as immune status and receptor polymorphisms. When parasites are sequestered in organs, increased proinflammatory responses locally due to increased parasite biomass may contribute to severe pathology and organ dysfunction. In contrast, the CD36-dependent enhancement of immune responses and its contribution to increased parasite clearance are likely to lower the risk of severe disease. Thus, the clinical outcomes to malaria infection depend on a balance between these dual roles of CD36. It appears that, in sequestering parasite infection, CD36 more often promotes pathology (36, 37, 39, 40, 71) , although in some situations it can be protective (41) . In parasite-non-sequestering situations, however, as we observed here in non-lethal mouse malaria, CD36-dependent interaction is likely to be beneficial. Further detailed studies on CD36-mediated signaling events in immune responses to malaria will likely enhance our knowledge of the role of CD36 in malaria immunity and pathogenesis.
Experimental procedures
Reagents
Non-essential amino acids for culture media, and Percoll were from Sigma-Aldrich. DMEM, RPMI 1640 medium, and penicillin/streptomycin solution were from Gibco Life Technologies. Fetal bovine serum was from Atlanta Biologicals (Lawrenceville, GA). Cell Trace TM CFSE cell staining kit was from Molecular Probes, Inc. (Eugene, OR). Collagenase D was from Roche Applied Science. Chicken ovalbumin peptide, OVA(323-339), was from InvivoGen (San Diego, CA). Golgi-Plug was from BD Biosciences. Mouse IFN-␥ was from Pepro-Tech (Rocky Hill, NJ). ELISA kits for analyzing mouse TNF-␣, IL-12p40, IL-18, IL-1␤, IL-10, IL-4, and IFN-␥ were from R&D Systems (Minneapolis, MN). Mouse Ig isotyping kit was from BD Biosciences. Mouse CD11c-conjugated microbeads for DC isolation and CD90.2-conjugated microbeads for T cell isolation and magnetic columns for cell separation were from Miltenyi Biotec Inc. (Auburn, CA).
Antibodies for flow cytometry analysis
The following anti-mouse antibody conjugates were used for flow cytometry: PE-and APC-anti-CD11c (418N 
Mice and parasite infection
WT mice and OT-II transgenic mice expressing TCR for OVA(323-339) peptide on CD4 T cells were from The Jackson Laboratory (Bar Harbor, ME). Cd36 Ϫ/Ϫ mice were generated in the laboratory of Dr. Maria Febbraio. All mice were in a C57BL/6J background. Mice were housed in a pathogen-free environment and bred in house, and 10 -12-week-old mice were used for the study. To measure DC-induced T cell responses in co-cultures, spleen DCs from infected mice and T cells from uninfected OT-II transgenic mice were used. Nonlethal P. yoelii 17XNL strain (Bei Research Resources-ATCC, Manassas, VA) was passaged through donor mice by i.p. administration of parasites. For experimental infections, blood from donor mice containing 1 ϫ 10 6 IRBCs suspended in 100 l of saline was administered i.p., and survival was monitored daily. Parasitemia was assessed by light microscopic examination of Giemsa-stained thin smears of blood.
Ethics statement
The Animal Care and Use Committee of the Pennsylvania State University College of Medicine, Hershey, PA approved the protocol (Number 46661) for animal experiments.
Analysis of spleen cell immune responses
Single-cell suspensions of spleens from infected and uninfected mice (control) were prepared as described previously (72) . The cells were suspended in incomplete DMEM, stained with antibodies against cell surface marker proteins and the desired intracellular proteins, and analyzed by flow cytometry.
Isolation of spleen DCs and T cells
DCs from spleen cell suspensions were isolated by magnetic cell sorting using anti-mouse CD11c-conjugated microbeads as reported previously (72) . OT-II T cells from the spleen cell suspensions were isolated using anti-mouse CD90.2 antibodyconjugated magnetic beads.
Isolation of P. yoelii IRBCs
Blood from the P. yoelii-infected mice was diluted with 2 volumes of PBS, pH 7.4, and centrifuged on Isolymph (CTL Scientific Supply, Deer Park, NY) at 1200 ϫ g for 15 min. The cell pellets were suspended in 2 volumes of PBS and centrifuged on 70% Percoll cushions at 1200 ϫ g for 15 min. The IRBCs on the top of Percoll cushions were collected and washed with PBS.
Preparation of bone marrow-derived macrophages (BMDMs)
Mouse BMDMs were generated by culturing bone marrow cells in DMEM containing 20% FBS, 1 mM sodium pyruvate, 50 M 2-mercaptoethanol, 1% non-essential amino acids, 10 units/ml penicillin/streptomycin (complete DMEM), and 30% L929 cell culture-conditioned medium. After 7 days, BMDMs were harvested by scraping, suspended in complete DMEM, and used for experimental purposes (52, 72) .
Analysis of phagocytic receptor expression and IRBC phagocytosis
P. yoelii IRBCs were prepared as described previously (62) . The purified IRBCs (3 ϫ 10 7 cells/ml) were suspended in PBS and stained with 2 M CFSE (for in vivo phagocytosis analysis) or 0.5 M CFSE (for in vitro phagocytosis assay) at room temperature. After 10 min, 200 l of fetal bovine serum were added and incubated for 5 min, and cells were washed three times with PBS. The CFSE-labeled IRBCs (ϳ3 ϫ 10 7 ) were injected intravenously into mice at 4, 7, or 13 days pi. After overnight, spleen cells were prepared and stained with antibodies against cell surface marker proteins of PMNs and Ms with dye-conjugated antibodies against mouse CD11b, F4/80, Ly6G, and CR1/CR2, Fc␥II/IIIR, and Fc␣/R. The CFSE ϩ and phagocytic receptorpositive cells were analyzed by flow cytometry.
For the analysis of IRBC phagocytosis in vitro, BMDMs in ultralow-binding 24-well plates were incubated with CFSE-labeled P. yoelii IRBCs at M to IRBC ratios of 50:1 at 37°C for 1 h. The cells were stained with dye-conjugated anti-CD11b antibody, and CFSE ϩ cells were analyzed by flow cytometry.
Analysis of phagocytic receptor expression and IRBC phagocytosis in IFN-␥-primed Ms
BMDMs (5 ϫ 10 5 cells/well) in ultralow-binding 24-well plates were cultured overnight and treated with 20 units/ml IFN-␥ at 37°C for 24 h. To each well was added CFSE-labeled P. yoelii IRBCs (1 ϫ 10 4 cells/well) at M to IRBC ratios of 50:1. After 1 h, the plates were chilled on ice for 15 min, and the cells were stained with antibodies against CD11b, CR1/CR2, and Fc␣/R at 4°C for 15 min. The cells were analyzed by flow cytometry.
DC and T cell co-culturing
In 96-well U-bottomed plates, spleen DCs (10 5 cells/well) from P. yoelii-infected WT or Cd36 Ϫ/Ϫ mice at 5 and 10 days pi and OT-II T cells (0.5 ϫ 10 5 /well) isolated from uninfected mice were cultured in the presence or absence of 2 g/ml OVA(323-339) peptide for 36 h. Cytokines in culture supernatants were analyzed by ELISA.
Flow cytometry
Total spleen cells from uninfected or infected mice were treated with Fc Block (anti-mouse CD16/32 antibody), except in the case of Fc␥II/IIIR analysis, for 10 min; stained with antibodies against cell surface marker proteins at 4°C for 20 min; and analyzed by flow cytometry. For analysis of intracellular proteins, cells were first surface-stained for marker proteins, fixed with 2% paraformaldehyde for 30 min at room tempera-ture, and then stained with antibodies against the specific proteins in PBS containing 0.5% saponin and 1% BSA at room temperature for 30 min. For cytokine analysis, spleen cells (1 ϫ 10 7 cells/well) in 24-well plates were cultured for 4 -6 h in the presence of GolgiPlug and then treated with Fc Block. The cells were stained with cell surface marker proteins, fixed with 2% paraformaldehyde, stained with antibodies against cytokines, and analyzed by flow cytometry using a BD LSRII flow cytometer. The data were analyzed using FlowJo software.
Analysis of serum antibodies by ELISA
The serum IgG titer was analyzed by ELISA as described previously (72) . Ig isotypes and IgM were analyzed by using a mouse immunoglobulin isotyping ELISA kit according to the manufacturer's instructions as reported previously (72) . Briefly, 96-well microtiter plates were coated with total P. yoelii-IRBC proteins (30 g of protein/ml) in PBS, pH 7.2; incubated overnight at 4°C; and blocked with 1% BSA in PBS. The plates were incubated with 1:5000-diluted mouse sera at room temperature for 1 h, washed, and treated with 1:5-diluted isotype-specific rat anti-mouse antibodies for 1 h at room temperature. After washing, the bound Igs were measured using 1:3000-diluted HRPconjugated goat anti-rat antibodies.
Statistical analysis
Statistical analyses of data were performed using GraphPad Prism version 6.01. Mouse survival data were analyzed by logrank (Mantel-Cox) test. The data from all other experiments were analyzed by one-way analysis of variance followed by Newman-Keuls test (Figs. 3, B -E, and 5-9) or by unpaired twotailed t test (Figs. 1B, 2, 3F, and 4) . The results are presented as the mean Ϯ S.D. p values Ͻ0.05 were considered statistically significant.
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